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Microcracking and failure in the resin pockets of 3D woven composites is caused by 
coefficient of thermal expansion mismatch between composite components during cooling from 
the curing temperature. The failure of the matrix is known to be dependent on triaxial stress state. 
This study presents first measurements of the effect of pure hydrostatic stress on the failure of 
epoxy resin as a function of temperature. We found that failure triaxial stress for epoxy resin is 
not strongly temperature dependent. Strategies to reduce or eliminate microcrackings by means 
of modifications of the curing schedule are also presented.  We show that it is possible to reduce 
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Chapter 1 : Introduction 
1.1 Introduction 
50% of the Boeing 787 Dreamliner and 53% of Airbus A350 XWB are made out of 
carbon fiber reinforcement polymer (CFRP) composites including wings and fuselage. These 
materials are lighter, stronger, and stiffer than traditional materials and most of the other 
composites. They are roughly five times stronger than steel, two times as stiff, and 70% lighter 
which makes them highly demandable in automotive, civil infrastructure, wind energy, and 
aviation industry. In automotive industry BMW and Volkswagen Group are the biggest CFRP 
users at present. Supercars like Avantador Carbonado GT, Pagani Huayra, Ferrari 458 Italia, and 
Audi R8 Razor GTR use CFRPs extensively for interiors, exteriors, and their structures.  By 
using these composites an automobile can get lighten easily by 30% and an aircraft by 20% 
which hugely contributes to fuel efficiency, faster transportations, and a greener world. 
Despite these superior properties, delamination is one of the drawbacks of two-
dimensional fabricated CFRPs. Three-dimensional(3D) woven carbon fiber suppress these 
delaminations. In these composites, carbon fibers are woven and interlocked in all three 
directions not only making these composites resistant to delamination, but also giving these 
composites better properties such as higher damage tolerance, improved fatigue resistance, and 
desirable through-the-thickness thermal conductivity. 
Three-dimensional woven carbon fabric preforms, in the process of manufacturing, are 
converted into rigid composite parts by injecting polymer thermoset matrices, such as epoxy, and 
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then they get cured at an elevated temperature. In this processes, however, 3D woven composites 
parts with high through-the-thickness constraint weave patterns exhibit processed-induced matrix 
microcracking in resin pockets. The resin pocket microcracking is associated with triaxial stress 
accumulation from cure shrinkage of the resin during curingand coefficient of thermal expansion 
(CTE) mismatch between the resin and carbon fibers during cooling down from curing 
temperature.  
In the present work we have developed a technique to determine the failure stress under 
equi-triaxial tensile stress as a function of temperature because this data is not currently 
available.  We used this technique to determine the failure stress of RTM6, a single component 
resin produced by Hexcel Corporation.  The data will be incorporated into constitutive equations 
for the mechanical response of epoxy resins used in finite element models of 3D woven 
composites.  Although it has been shown that using toughened resins reduces or eliminates 
matrix microcrackings, these resins are more expensive and have poor solvent resistance. 
Therefore, we additionally tried to manipulate existing curing schedules or design new curing 
profiles to reduce the stresses that cause microcacking. 
1.2 Thesis outline 
The layout of the thesis is as follows.  Chapter 2 presents background information on the 
curing characteristics and multiaxial yielding criteria for epoxy resins. . Chapter 3 describes the 
epoxy material specifications, approaches to achieve pure hydrostatic tensile stress in the epoxy 
resin, devices and methods used to determine the triaxial stress inside the resin, and sample 
preparation processes. Chapter 4 reports and discusses the failure triaxial stress results and 
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attempted curing profiles intended to reduce microcracking. Finally, Chapter 5 presents the 
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Chapter 2 : General Background 
2.1 Fiber-Reinforced Polymer (FRP) Composites 
Fiber-reinforced polymer (FRP) composites are typically made by combining a plastic 
polymer resin with reinforcing fibers. These individual constituent have significantly different 
physical and chemical properties and although they retain their original form, they contribute 
their own unique properties which results in a new composite material with enhanced overall 
performance such as strength and stiffness. FRP composites are widely being used in defense 
and aerospace systems, automobiles, wind turbines etc. due to their attractive properties such as 
higher strength-to-weight ratio, stiffness, and excellent corrosion resistance [1–3].  
Depending on the desired properties and applications, different reinforcements fibers 
might be used such as carbon or graphite, aramid, and glasses. The primary desirable 
characteristics for reinforcing fibers in polymer matrix composites are high stiffness and 
strength. These fibers must be able to tolerate harsh environment conditions such as elevated 
temperature, exposure to solvent and moisture. Carbon fibers, because of their unique properties, 
have substantial capability as reinforcing fibers[1–3]. 
For FRP composites, as their name suggests, polymer materials are used as the matrix. 
Some of the matrix functions are: binding the reinforcements together, isolating the fibers from 
each other, transfer loads to the fibers, protecting the reinforcements from mechanical damage or 
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environmental attack, increasing the toughness of composite in some cases and etc. Polymer 
materials are usually classified into thermoplastics and thermosets. Thermoplastics, because of 
their weak intermolecular bonds, are not good candidates for matrices in high performance 
composites because they would flow and soften at elevated temperatures. On the other hand 
thermosets are liquid at the room temperature and, in a process known as curing, they set and 
become solid. When they set, because of their strong cross-linked structure, they cannot be 
melted and reformed at elevated temperature. Heating thermosets to very high temperatures will 
result in decomposition [1–3]. These polymers because of their good ability to wet reinforcement 
fibers in contrast to thermoplastics have been the dominant matrix material for recent several 
decades[1]. 
 
2.2 Epoxy resins  
Thermosetting resins used in the industry for FRP composites can be subdivided into 
several resin systems including epoxies, phenolics, polyurethanes, polyimides. Among these, 
epoxy resins are widely used as matrices for these materials[2]. 
Epoxy resins have high strength, low shrinkage, good electrical insulation, chemical 
resistance, low cost and toxicity, and excellent adhesion to different surfaces. These unique 
properties which are mostly unattainable with other thermoset materials make them desirable to 
be used extensively in structural and specialty composite applications. Because epoxy resins are 
available in wide variety of physical forms from low-viscosity liquid to high-melting solids, they 
can be used in a wide range of processes and applications. They are easily cured without giving 
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off any volatiles or leaving any by-product behind. Chemical compatibility with most substrates 
and ability to wet surfaces easily make them well suited for composite applications. These resins 
are used as adhesives, casting materials, coatings, encapsulates, potting compounds, and binders. 
In aerospace industry applications include flooring panels, ducting, vertical and horizontal 
stabilizers, wings, and fuselage and etc. [4,5]. 
 
2.3 3D woven carbon fiber reinforced composites 
The utilization of 3D woven fiber carbon reinforced composites in the aerospace industry 
is increasing due to their superior strength, impact tolerance, stiffness, and fatigue resistance. 
The carbon fibers are woven in all three directions and an epoxy resin is usually used as the 
matrix to bond these fibers. Figure ‎2-1 shows a type of a 3D woven carbon fiber preform and a 
schematic of a unit cell. After the fiber preform is infiltrated with liquid resin, the part then 
undergoes curing processes to form a rigid part[6–8]. 
 
Figure 2-1 3D woven fiber unit cell; a) schematic, b) 3D woven carbon fiber preform [7] 
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2.4 Curing Process of Epoxies 
In the process of curing, epoxies transform from a liquid to a glassy solid. During this 
process, polymer chains of low molecular weight link together to form a large three-dimensional 
network of cross-linked molecular chains [5,9]. A fully cured epoxy forms a dense network 
where there are only a few monomer/linking units between network points. This dense 
crosslinked network is highly desirable because it yields desirable properties like high glass 
transition temperature (Tg), low shrinkage, high adhesive strength, good chemical resistance, and 
good heat resistance [4,5]. 
 Homopolymerization  of the epoxy groups  initiated by a catalytic curing agent and 
polyaddition/copolymerization reaction with a multifunctional curing agent are the main 
reactions involved in the curing process[5]. 
As an example of how molecules cross-link, the basic reaction for epoxides based on 
DGEBA with primary and secondary amines, involves addition of the amine to the epoxy group, 
and development of a hydroxyl group from opening the epoxy ring. This reactions can be 
represented by following figures[5]: 
Primary amine addition: 
 
 
  8 
 
Secondary amine addition: 
 
 
A schematic of the molecular structure in the different stages of cure of an epoxy resin 
system is shown in Figure ‎2-2.  
 
Figure 2-2 Progress of cure in an epoxy resin, (a) resin is in liquid state and there are monomers and molecules, 
(b) monomers and molecules cross-link and they form bigger chains, (c) gelation: by further cross-linking, the 
resin becomes a gel, (d) the resin becomes fully cured and it forms a network [12] 
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At the start of curing process, epoxy resin consists of monomers; therefore it has a low 
viscosity resulting in the ability to wet fibers. At this stage, the epoxy resin can flow easily with 
or without heat application (a). As the curing proceeds monomers connect and cross-link and 
they form bigger polymer chains(b) and, as a consequence, the viscosity increases till a point 
where epoxy resin gels(c).This transformation from a viscous liquid to an elastic gel is called 
“gelation”.‎Gelation is a sudden and irreversible phenomenon which affects mechanical 
properties‎of‎the‎resin‎but‎doesn’t‎have‎any‎effect on chemical reactions. By further cross-
linking,‎rubber‎like‎resin‎by‎a‎transformation‎called‎“vitrification”‎becomes‎a‎glassy‎solid‎with‎
an infinite dense three-dimensional network. After vitrification, the curing chemical reaction 
changes from a kinetically controlled reaction to diffusion controlled and the curing reaction rate 
dramatically decreases. As a result, the glass transition temperature (Tg) of the resin approaches a 
constant value which, depending on the curing temperature, may or may not be equal to the resin 
ultimate glass transition temperature (Tg∞). After gelation the resin is no longer soluble and 
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2.5 Matrix microcracking and failure 
As mentioned before, 3D woven carbon fiber reinforced composites are desirable in high-
tech and aerospace industry because of their superior properties.  However, 3D woven 
composites with a high degree of through–the-thickness constraint exhibit resin matrix 
microcracking after curing. It has been proposed that these microcracks are the results of triaxial 
tensile stress imposed by differences in Coefficient of Thermal Expansion (CTE) of carbon 
fibers and the epoxy matrix during cooling down from curing temperature (Tcure) [8,14,15]. 
Figure ‎2-3 shows these microcracks. The sharp cracks are thought to have occurred below Tg and 
the rounded cracks above Tg. 
In order to correctly determine triaxial failure stress of the resin, or design a curing 
schedule to reduce or prevent microcracking a profound understanding of the resin curing 
processes and failure criterion is needed. 
 
Figure 2-3 Process-induced microcrackings in epoxy matrix used in a 3D woven carbon fiber composite part [15] 
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2.5.1 Resin Failure Criteria 
Contrary to metals, deformation and yielding for polymer materials is very sensitive to 
hydrostatic pressure (triaxial stress) which is omitted in von Misses theory [16,17]. For glassy 
polymers both shear yielding and crazing co-exist as plastic deformation modes. The dominant 
mode is determined by the stress state and triaxial stress component affects both modes of 
yielding [18,19]. Figure ‎2-4 shows these two 
modes of yielding in a glassy polymer and 
Figure ‎2-5 schematically shows the effect of 
triaxial stress. 
The normal yield criterion for biaxial 
stress yielding has been proposed as [18,19]: 







where 𝜎𝑏 is a stress bias for biaxial 
stress; 𝜎1, 𝜎2, and 𝜎3 are the principal stresses; 
𝐼1 =  𝜎1 + 𝜎2 + 𝜎3 is the first invariant; and A(T) and B(T) are temperature dependent material 
constants. When there is no stress bias yielding will occur when 
𝐼1 ≥  𝐼1
∗ =  −𝐵(𝑇)/𝐴(𝑇) 
where 𝐼1
∗ represent a critical value of first the stress invariant at which crazing will occur without 
directional preference. 
Figure 2-4 Biaxial shear yielding and normal yielding (crazing) 
curves for a glassy polymer [19] 
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For shear yielding researchers have proposed several yield criterions [17]. One of the 
most used criteria for this purpose is [16,18–21]:  
𝜏𝑦
𝑜𝑐𝑡 = 𝜏𝑦0








)√(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎1 − 𝜎3)2 is the shear yield stress along the 
octahedral plane, 𝜎𝐻 =
𝜎1+𝜎2+𝜎3
3
 is the hydrostatic pressure,  𝜏𝑦0
𝑜𝑐𝑡 is the octahedral shear yield 
stress in absence of 𝜎𝐻, and 𝜇 is a material constant found from experimental data. 
 
It has been reported that predictions by these yield criterions do not accurately match 
experimental results when the resin is under pure hydrostatic stress[17,21,22]. As proposed by 
Asp et al [17], in these situations void cavitation occurs followed by cracking when dilatational 
energy‎reaches‎a‎critical‎value.‎This‎criterion‎is‎named‎as‎“volume‎energy‎density‎criterion”‎and‎
is given by equation (2.3): 
Figure 2-5 Effect of triaxial stress on normal and shear yielding for a glassy polymer [19] 
 





1 − 2. 𝜈
6. 𝐸







where 𝜈 is the Poisson’s‎ratio,‎𝐸 is the Young’s‎
modulus, and 𝑈𝑣
𝑐𝑟𝑖𝑡 is the critical dilatational energy 
density required for cavitation. Figure ‎2-6 shows 









Figure 2-6 Nucleation and equiaxial growth of a 
cavity under eqitriaxial tension[17] 
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2.6 Degree of Conversion 
During the curing processes, the extent to which the resin has been transformed from an 
unreacted liquid state to fully reacted solid can be measured by a value‎called‎“degree‎of‎
conversion”‎or‎“curing‎degree”. Degree of conversion is usually shown by symbol‎”α”.‎This 
value is expressed as a percentage or a value from 0 to 1, in which 100% or 1 means that all the 
molecules in the epoxy have participated in the curing reaction and a complete network has been 
formed [5,11,13,23].  
For heat-activated curing epoxies, the rate of curing (
𝑑𝛼
𝑑𝑡
) or cross-linking rate increases 
with   curing temperature.  The ultimate degree of conversion also increases with increasing 
temperature.  Figure ‎2-7 shows degree of conversion versus time for curing an epoxy resin at 
different temperatures  [23]. As explained earlier, increase in degree of conversion from 0 to 1 is 
accompannied by two major transitions, gelation and vitrification[5,11,13]. 
 
Figure 2-7 Degree of conversion vs. time for an epoxy-amine system (DGEBA-PACM-20). [23] 
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2.7 Gelation 
Gelation is the transformation of the epoxy resin from a viscous liquid to a gel at which a 
network of infinite molecular weight first appears. When the cure reaction proceeds, the resin 
monomers cross-link and they form bigger molecule chains till a point where the resin loses its 
ability to flow and be processed. Therefore, after gelation the resin is not workable anymore and 
gelation marks the shelf life (pot life) of the epoxy resin[12–14].  
Molecular gelation takes place at a well-defined and generally calculable degree of 
conversion whose mechanism is temperature-independent, and dependent on functionality, 
stoichiometry, and reactivity of the reactants[9,14,24,25] . It is also worthy to note that the time 
and degree of conversion to reach the gelation point decreases with increase in functionality of 
the resin[14]. 
This state of the epoxy resin after gelation and before vitrification is also known as the 
rubbery state. While in this state, the epoxy resin molecules have formed an infinite network, 
they are not fully connected. Therefore, epoxy polymer chains can coil and uncoil, and move and 
slide relative to each other, giving the epoxy a pliable form and a rubber-like properties.[26,27] 
2.8 Vitrification 
By further progress in cure reaction, there comes a point when the glass transition 
temperature (Tg) becomes equal or greater than the curing temperature (Tcure). Therefore, 
polymer segments between the network points lose their ability to move relative to one another 
and the resin transforms to a glassy solid. As mentioned earlier, after this transformation the 
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curing reaction slows down and reaction mechanism becomes diffusion controlled. This 
phenomenon is called vitrification. [5,11–13].   
As it was described before, the conversion‎of‎the‎resin‎from‎a‎liquid‎to‎the‎gel‎doesn’t‎
have any effect on chemical reactions while conversion the gel like rubber to the glassy solid 
(vitrification) shifts the curing mechanism from a kinetically controlled to diffusion controlled, 
and retards the curing reactions. Therefore, for any curing temperature, the degree of conversion 
reaches a constant value. For the same epoxy system as Figure ‎2-7, the glass transition 
temperature versus time for different curing temperatures is shown in Figure ‎2-8. The 
vitrification points are shown by an arrow for any given curing temperature.[5,11,13,14,23,28–
30]  
 
Figure 2-8 Glass transition temperature versus ln(time) for an epoxy resin system.[23] 
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In contrast to gelation, vitrification is reversible phenomenon. By heating a partially 
cured glassy resin above its Tg, the resin gets devitrified and the reaction mechanism once again 
becomes kinetically controlled[5,11,12,14]. 
 2.9 Glass Transition Temperature 
The glass transition temperature is one of the most important characteristics of polymer 
materials at which the material becomes glassy when cooled below or becomes rubbery when 
heated up above this temperature. Below Tg, amorphous polymers are hard and brittle while 
depending on the degree of cure they might be in liquid or rubbery state above Tg[14].  
Tg is actually a temperature range, rather than a specific temperature. However, according 
to convention, a single temperature defined as the midpoint of the transition temperature range is 
reported. This temperature range is due to the cross-linked polymer chains having multiple 
degree of freedom and modes of polymer chains movement in response to any applied thermal 
energy[5,11,31].  
An unreacted epoxy resin has a Tg value of Tg0 below which the epoxy resin is stored for 
a longer shelf life. When the curing reaction proceeds, the Tg value increases toward a ultimate 
value of Tg∞ at which the resin is completely cured. At the start of the curing reaction, because 
the reaction is kinetically controlled, the curing rate is high which yields to a rapid increase in Tg. 
After vitrification, the reaction becomes diffusion- controlled and Tg reaches a plateau value at a 
low rate. The extent to which the curing reaction slows down after vitrification depend on the 
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influence of the glassy state on the reaction mechanism[13,14]. 
 
Figure ‎2-9 shows the relationship between degree of conversion and the glass transition 
temperature. As‎can‎be‎seen‎with‎increase‎in‎α,‎Tg increases respectively. Also for any 
isothermal curing, the final Tg of a cured epoxy resin depends on Tcure and never exceeds this 





Figure 2-9 Glass transition temperature versus degree of conversion of an epoxy resin system (DGEBA-PACM-
20) [23] 
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2.9.1 Mechanical Properties of Resin with Respect to Glass 
Transition Temperature  
As discussed before, polymeric materials have quite different properties above or below 
their glass transition temperature, including coefficient of thermal expansion, hardness, modulus, 
heat capacity (Cp) etc. Figure ‎2-10 schematically shows change of modulus for an amorphous 
polymer above or below its glassy transition. It is also worthy to note that with increase in cross-
linking, glass transition has less effect on the modulus compared to lower degree of 
cures[13,32,33]. 
The Tg value is inherently dependent on the molecular structure of the polymer. Bigger 
polymer chains have higher Tg because these chains need more energy to move. It has been 
shown that glass transition temperature for amorphous polymers at temperatures above their Tg is 
strongly heating/cooling, and strain rate dependent. These dependencies stem from the fact that 
Figure 2-10 Change of modulus above and below glass transition temperature for amorphous polymers [52] 
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in‎high‎strain‎rates,‎polymer‎chains‎don’t‎have‎enough‎time‎to‎move‎therefore‎shifting‎the‎glass‎
transition temperature higher. 
This relationship is shown in 
Figure ‎2-11. As can be seen from 
the DMA experiment, higher 




dependency of Tg on strain rate, 
modulus at any given temperature 
varies with different strain rates. The elastic modulus versus temperature at different strain rates 
for the same material as 
Figure ‎2-11 is shown in 
Figure ‎2-12. The modulus 
for any given temperature is 
higher at higher strain 
rates.[31,34,36,37]. 
Figure 2-12 Elastic modulus versus temperature at different strain rates for an 
amorphous polymer [31] 
Figure 2-11 Glass transition temperature rate dependency for an amorphous 
polymer [31] 
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2.10 Isothermal Time-Temperature-Transformation (TTT) 
Cure Diagram 
The curing transitions and state of the material at any point of the curing progression can 
be‎shown‎on‎a‎single‎diagram.‎These‎are‎called‎“Isothermal‎Time-Temperature-Temperature”‎
diagrams (TTT). These diagrams can facilitate understanding and determination of different state 
of the polymer and important transitions during curing processes[14,23,38]. A schematic TTT 
diagram for an epoxy resin is shown in Figure ‎2-13 [14]. 
 
 
Figure 2-13 A schematic TTT diagram for an epoxy resin system [14] 
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For non-isothermal conditions the concept of TTT cure diagram might be extended to a 
continuous heating time-temperature-transformation (CHT) diagram. Such diagrams can be 
constructed by heating a reactive system from definite temperatures with different heating 
rates[14,23]. 
Because in this study we try to reduce or eliminate microcrackings we deal with curing 
schedules in which time, temperature, and the state of the epoxy are important factors. TTT 
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Chapter 3 : Materials and Methods 
3.1. Introduction 
This chapter describes the materials and methods we used to simulate conditions that 
epoxy resin experiences as the matrix for 3D woven fiber carbon composite parts during 
production and curing.  The epoxy matrix is subjected to a triaxial tensile stress field which has a 
strong hydrostatic tensile component during these processes because of the Coefficient of 
Thermal Expansion (CTE) mismatch between two components (Fiber carbon, and epoxy resin) 
of the composite. Although researchers have attempted to study yielding and failure through 
shear yielding and normal yielding (crazing) criterions[16–18,20,21,39–41], these criterions fail 
to predict yielding under pure hydrostatic stresses [21,22]. This study was performed because 
there is no published data for failure under a purely hydrostatic tensile stress. 
We attempted to simulate a pure hydrostatic tensile stress by confining epoxy resins in 
tubes of different materials, and putting these samples through curing cycles similar to those of 
composite parts production processes. The tube wall deflections during the experiments were 
measured by a dilatometer and were used to calculate the triaxial stresses for the resin. 
The epoxy resin under consideration for this study was Hexcel Hexflow RTM6 which is a 
monocomponent resin specially developed to fulfil the requirements of the aerospace and space 
industries in advanced resin transfer molding. [42] 
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3.2 RTM6 specifications  
Hexcel Hexflow RTM6 is a high performance, hot curing resin with an ultimate glass 
transition temperature of ~220°C and a service temperature from -60°C to 180°C. This resin is 
already degased by manufacturer, has an excellent hot/wet properties, it has long injection 
window, low moisture absorption, and has simple short cure cycles. RTM6 can be stored 15 days 
at 23°C or 9 months at -18°C[20,42]. 
RTM6 is a tetrafunctional epoxy resin which is composed of tetrafunctional resin 
tetraglycidyl‎ methylene‎ dianiline‎ and‎ the‎ hardeners‎ 4,4’-methylenbis(2,6-diethylaniline) and 
4,4’-methylenebis(2-
isopropyl-6-methylaniline). 
Figure ‎3-1 shows the 
chemical structure of these 
components of the RTM6. 
During the curing reactions, 
the epoxy ring of the resin 
opens and these constituents crosslink. When fully cured they form a cross-linked 3D network 
[5,13,29].  
 
Figure 3-1 a) Chemical structure of epoxy resin tetraglycidyl methylene dianiline, b)  
Chemical structure of hardeners 4,4’-methylenbis(2,6-diethylaniline) and 4,4’-
methylenebis(2-isopropyl-6-methylaniline) [29] 
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The curing reaction and cross-linking rate for thermosetting resin is highly dependent on 
the curing temperature.  
Figure ‎3-2 shows conversion 
degree of RTM6 during curing 
process for different curing 
temperatures. As can be seen, the 
resin needs a longer time at lower 
temperatures to get to the same 
degree of cure compared to 
higher temperatures. Also, for any 
curing temperature curing 
reaction slows down and degree of conversion approaches a plateau which marks the vitrification 
point. For epoxy resins, conversion degree affects most of the resin properties[5,14,29,30,43–
46]. 
Two of the most important properties and matter of concern for this study are CTE and Tg 
of the resin at different stage of the curing process. For RTM6, the CTE values of cured and 
uncured states are shown in Table ‎3-1. Figure ‎3-3 shows the CTE dependency of a generic resin 
on the degree of conversion[42,44].  As can be seen, 
the CTE of the resin decreases linearly with an 
increase in degree of conversion.  
Table 3-1 CTE of RTM6 in fully cured and uncured 
states[42] 
Figure 3-2 Degree of conversion versus curing time at different curing 
temperatures for RTM6 [5] 
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The CTE dependency of the resin at different degree of conversion can be associated to 
cross-linking and change in the density of the epoxy resin. The density for an uncured resin at 
RT is 1.11 g/cm
3
 while 
this value for cured 
resin is 1.14 g/cm
3
. 
This change in density 
is accompanied by a 
shrinkage in the curing 
processes which causes 
residual stresses in 
composite parts during 
production. This‎shrinkage‎is‎called‎“curing‎shrinkage”. For RTM6 resin its value has been 
reported to be about 3-6 % volumetric [42–47]. 
Another important characteristic 
of any epoxy resin is the glass 
transition temperature. As 
explained in section 2.9, the glass 
transition temperature for an 
epoxy resin is strongly dependent 
on the degree of conversion of the 
resin. This dependency for Tg on 
degree of conversion for RTM6 is 
Figure 3-3 CTE of a generic epoxy resin versus degree of conversion [44] 
Figure 3-4 Glass transition temperature vs degree of cure for RTM6 [5] 
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shown in Figure ‎3-4.  These results were obtained by Karkanas[5]  for samples cured to 
saturation at different temperatures and times yielded to different degree of conversion. As can 
be seen, the glass transition temperature increases as the degree of conversion increases and 
finally an ultimate of Tg will be achieved when degree of conversion approaches to 1 or 100%. It 
is also worthwhile to note that for curing temperatures of 140°C, 160°C, and 180°C 
approximately maximum glass transition temperatures of 160°C, 180°C, and 190°C respectively 
were achieved. As a rule of thumb, curing at any temperature will result to a Tg equal or slightly 
higher than curing temperature [5]. 
 
3.3 Epoxy resin confinement 
Assuming RTM6 epoxy resin to be isotropic, its value of linear CTE (55 × 10−6 1/𝐾) is 
the same in all three directions. Carbon fibers on the other hand, are not isotropic. In the 
longitudinal direction, their CTE is about 1.6 × 10−6 1/𝐾 to 2.1 × 10−6 1/𝐾 , and in transverse 
direction, it is estimated to be 5 × 10−6 1/𝐾 to 10 × 10−6 1/𝐾[48]. Therefore, this large CTE 
mismatch between these two constituents for a 3D woven carbon fiber composite part when 
cooled down from the curing temperature will render triaxial stress inside resin pockets which 
causes epoxy resin failure and micro cracking. 
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To simulate pure hydrostatic tensile stress same as those in resin pockets shape of the 
confinements 
was chosen to be 
cylindrical. 
Confinement 
tubes with lower 
CTE’s will 
produce larger 
triaxial tensile‎stress‎for‎a‎given‎ΔT. Table ‎3-2 lists the CTE of some materials that were 
considered as candidates for the tube material. The first choice of material for tube confinement 
was fused quartz because of its very low CTE, and also transparency which gives the advantage 
of monitoring the epoxy during and after the curing processes. In this study, our major 




crosslink and form a 3D 
network when an epoxy 
resin cures (for 
functionalities greater than 
two). This is accompanied 
by a curing shrinkage [43–
Table 3-2 Material of choice for resin confinements 
Figure 3-5 Schematic of possible resin expansions/shrinkages during a typical 
curing cycle [49] 
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46,49]. The shrinkage/expansion caused by CTE mismatches between constituents is called 
“Thermal‎Expansion/Contraction”.‎Figure ‎3-5 shows different types of possible 
expansions/shrinkages happening during a typical curing cycle an epoxy resin[2,6,49]. 
In this figure, the red curve shows the heating path and black curve schematically shows 
the degree of conversion for‎resin.‎At‎point‎“A”‎resin‎is‎at‎its‎uncured‎state‎and‎degree‎of‎cure‎is‎
zero.‎From‎point‎“A”‎to‎“B”,‎resin‎is heated up and curing is initiated and there is some cure 
shrinkage plus thermal expansion caused by temperature change from room temperature to 
curing‎temperature.‎From‎Point‎“B”‎to‎“C”,‎temperature‎is‎constant, so there is no thermal 
shrinkage/expansion. However, there is cure shrinkage during curing as the network forms. At 
point‎“C”,‎the degree of cure has reached its ultimate value so there would be no more cure 
shrinkage. From point C to D, resin is cooled down from cure temperature and thermal shrinkage 
can be seen in this section of curing cycle[49]. 
When the resin is uncured, as its name suggests, its molecules are not attached to each 
other with epoxide groups and they can 
move relative to each other easily. 
Consequently, as opposed to a cured epoxy 
resin, an uncured epoxy resin is not rigid 
enough to deflect the container when it 
expands or shrinks in a thermal cycle. Cured 
or partially cured resin can exert a stress on 
the confining container or confining fibers.   
Figure 3-6 Epoxy filled tubes experience 
expansion/shrinkage during an experiment which yields to 
resin failure during cooling 
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As the resin becomes glassy, stress is induced by cure shrinkage and thermal 
expansion/shrinkage becomes measurable[8]. 
As it was discussed before, to simulate pure hydrostatic stress conditions similar to those 
when carbon fiber resin pockets go through a curing cycle we confined the epoxy resin inside 
tubes. These specimens were cured in different curing schedules and during the experiments, 
deflections induced by cure shrinkage of the resin or CTE mismatches between the tube and the 
resin on the tube wall were measured via a dilatometer. Deflections then were converted to 
triaxial stress using pressure vessel formula and triaxial failure stresses of the specimen were 
extracted. An exaggerated schematic representing effect of a curing cycle on an epoxy filled tube 
is shown in Figure ‎3-6.  
3.3.1. Deflection measurement  
In order to measure the deflection there are many different choices to pick from such as 
optical, laser, and direct contact method. Each option has its cons and pros but choosing the right 
method to do so will be desirable. The required characteristics are repeatability, financially 
attractiveness, accuracy, and practicability for this unique research.  
For this study, linear displacement measurements by a LVDT was preferred over other 
measurement options. In this type of measurement a rod or a plate which is connected to a LVDT 
is being used to measure the deflection of the target. In comparison to other methods, this route 
is cheap, easy to implement, very accurate, and also transparency or roundness of the target are 
not barriers to an accurate reading.  
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 3.3.2. Dilatometer 
A basic diagram and a 3-D view of the dilatometer developed by Kusch [50] is  shown in 
Figure ‎3-7 and Figure ‎3-8. As can be seen, this device consists of two reference rods, one back 
plate, and one measurement rod which all made out of Invar, and one LVDT. 
 
The front part of this device was inside a furnace and exposed to heat while rest of it was 
in room temperature. 
Heat and temperature 
changes can affect the 
LVDT’s‎readings‎
because every part of the 
LVDT will expand or 
shrinks accordingly. 
Therefore, a constant 
Figure 3-7 Schematic diagram of dilatometer device used for deflection measurements[50] 
Figure 3-8  3-D view of the dilatometer device used for deflection measurements[50] 
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temperature water bath was used to keep the LVDT at a constant room temperature. Water 
temperature was controlled by a Thermo Scientific NESLAB RTE 740 Recirculating Water Bath 
and it was set at 22 °C with a temperature stability of ±0.01 °C.  The water was circulated into a 
block that surrounded the LVDT. 
To run a test, specimens were put between sample rod and back plate and any change in 
radius (tube wall deflection) was recorded by the LVDT throughout the experiment. The LVDT 
was Measurement Specialties MHR 025, and, if paired with the Measurement Specialties ATA 
2001 Signal Conditioner was capable of resolving 1 nm of displacement. 
 
A heat gun was used to heat the furnace chamber and the temperature inside the furnace 
was controlled using a Watlow EZ-ZONE PM temperature controller. This controller was able to 
control the temperature with accuracy of ±0.25°C. The complete setup of the instrument is 
shown in Figure ‎3-9.   
Figure 3-9 Schematic of complete instrument setup to run and record dilatometry experiments[50] 
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The output 
from the LVDT is 
converted and 
amplified by the 
signal conditioner 
to readable data for 
data acquisition 
using a 16 bit 
National 
Instruments USB-
6210 DAQ which was calibrated with resolution of 7.63nm per bit. Data recording was done 
using a LabVIEW script with sample rate of 10 Hz. Figure ‎3-10 shows LabVIEW script that was 
used for data collection. The upper left graph shows the radial displacement recording screen and 
the right screen records furnace temperature versus time.  
We used Matlab for processing the collected data. Generation of the graphs, analyzing 
the data, and calculating the triaxial stress inside the epoxy also was facilitated by Matlab. To 
reduce‎the‎noises‎also‎Matlab’s‎smooth‎function‎was‎implemented‎over‎50‎data points for 
displacement signal and over 30 data points for temperature signal.  
For more information on this test instrument, please refer to Jordan Kusch master thesis [50].  
Figure 3-10 Screenshot of LabVIEW script used to plot and record test data[50] 
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3.3.3. An empty tube test as the baseline 
To measure the induced deflection from the epoxy resin throughout a heating cycle, the 
deflection caused by the tube itself (baseline) needs to be substracted from total instrument 
displacement feedback. The 
baseline is obtained by putting an 
empty tube in the dilatometer and 
subjecting it to the desired curing 
schedule. 
Figure ‎3-11  shows a typical 
cure schedule to extract a baseline 
from an empty tube. At the start of 
the experiment, the sample (empty tube) was at room temperature.  The sample then heated to 
160 °C and  after holding the sample for 10 minutes in 160 °C it was cooled down to room 
temperature.  
The resultant raw radial displacement versus time is shown in Figure ‎3-12. Displacement 
was set to zero at start of the experiment (A). By elevating furnace temperature from room 
temperature to 160 °C, a maximum displacement of -1.7‎μm‎was‎observed‎(B).‎Holding the 
sample at a constant temperature  of 160‎°C‎for‎10‎minutes‎didn’t‎yield‎any‎changes‎in‎
displacement (C) and after cooling down the sample to room temperature, radial displacement 
once again became zero (D). 
Figure 3-11 A typical cure cycle to extract a baseline for quartz tube 
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It is important to note that while expansion (positive values of response) is normally 
expected from heating the empty 
tube to higher temperatures, the 
observed negative displacement in 
the raw displacement feedback is 
the result of the fact that reference 
rods implemented in the 
dilatometer were made out of Invar 
which has a CTE around 1.2 ×
 10−6 𝐾−1. This higher CTE value 
of Invar compared to that of Quartz (  0.55 × 10−6 𝐾−1) yields a negative displacement 
response  
Figure ‎3-13 shows raw radial displacement versus temperature. The correspondent points 
are shown on this graph. At room 
temperature, the radial 
displacement was set to zero (A) 
and by temperature increment a 
negative displacement was 
observed which reaches its 
maximum of -1.7‎μm‎at‎160‎°C‎
(B). This displacement value 
stayed unchanged after holding 
Figure 3-12 Raw radial displacement versus time for a typical cure schedule 
carried on an empty tube 
Figure 3-13 Raw radial displacement versus temperature for a typical cure 
schedule carried on an empty tube 
 
  36 
 
the sample at 160 °C for 10 minutes (C) and after cooling down the sample to room temperature 
radial displacement once again became zero (D).  
Despite the fact that we were able to successfully measure and record displacement 
versus time and temperature for an empty tube throughout a curing cycle, the two heating and 
cooling portions of raw radial displacement feedback exhibit hysteresis. Because of the 
complexity of the device, this hysteresis could be from malfunctioning of the heating gun, the 
heating controller, temperature gradient in the furnace, measurement and reference rods 
misalignments, LVDT, and etc.  In order to get rid of this hysteresis, small changes were made to 
the whole setup each time and the baseline test was run again after each change. Getting more or 
less hysteresis by making small changes to the instrument was a good indication of effectiveness 
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3.3.4. Modifications to the dilatometer  
The dilatometer consists of three different general sections which are a furnace to control 
the temperature, LVDT unit to measure the displacement mechanically, and electrical and 
computing parts to record and 
compute the raw data. The following 
modifications were made to improve 
its performance: 
I. A 3D inner view of 
dilatometer is shown in Figure ‎3-14. 
As previously discussed, to detect 
wall deflection of the tube, the 
sample rod pushes the sample against the backplate and the deflection of the sample rod is 
measured.  
The mechanical force to push the sample against the back plate was created by utilizing a 
spring connected to the sample rod inside the 
dilatometer. A closer look at these parts is 
shown in Figure ‎3-15. We found that lack of a 
strong connection between sample rod and 
the spring caused the sample rod to slip which 
contributed to the hysteresis. This problem 
was solved by putting a pin inside the sample 
Figure 3-14 Inner 3D view of dilatometer[50] 
Figure 3-15 A spring used to push the sample rod against 
the specimen in dilatometer 
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rod in front of the spring to act as a mechanical barrier to stop the spring motion relative to the 
sample rod. Also, a cyanoacrylate glue was used to fasten these three parts together.   
II. Figure ‎3-16 shows a 3D view of the LVDT and how it is connected to other parts. To 
reduce measurement errors, a strong or at least a stable joint is needed between the sample rod 
and the core, otherwise the core would move relative to the sample rod and causing faulty 
results. A loose connection was the case for these parts which was fixed by using a small amount 




Figure 3-16 One of the main part of a LVDT is a core which moves inside the LVDT to signal displacements 
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III. Due to roundness of the tubes, specimens were highly prone to slipping when they 
were put between sample rod and backplate for experiments. Figure ‎3-17a shows the flat end of 
the sample rod and the flat surface of the backplate. 
In order to stop the sample from slipping and moving, two notches were made on the 
sample rod and the back plate which improved overall stability of the samples. Figure ‎3-17b 








Figure 3-17 a) flat end of the sample rod and the back plate made tubes to be very prone to slip , b) two 
notches were made on the sample rod and the backplate to stabilize sample movements 
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IV. Lateral movements will affect the results by moving the core inside the LVDT 
which mistakenly can be interpreted as tube wall deflections. An exaggerated scheme of this 
motion is shown Figure ‎3-19.  
Although the device had one 
bearing to restrict such a 
movement, apparently it was not 
effective enough for this 
comparably long sample rod.   
This issue was solved by 
introducing another bearing in 
front of the spring. Figure ‎3-18 
shows the complete setup for these rods. Implementing two bearings hugely reduced unwanted 
lateral movements.  
 
Figure 3-19 the tip of the sample rod was very prone to move laterally which results to faulty measurements 
Figure 3-18 New bearing was introduced to restrict lateral motions of the sample 
rod 
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V. Temperature gradients are another important factor to consider for eliminating the 
hysteresis. Wrapping the whole furnace completely with fiberglass insulation helped to reduce 
and eliminate temperature gradients in the furnace. This insulation also improved overall 
temperature control. In addition to the external insulation, we implemented accurate, thin foil 
thermocouples which we were able to stick them on the specimens to guarantee a better 




3.3.4. Empty tube test after modifications 
The baseline experiment 
performed again after all of the 
dilatometer modifications. The 
sample was put in the same cure 
cycle shown in Figure ‎3-11 and 
dilatometer feedback was 
recorded. Figure ‎3-20 shows raw 
radial displacement versus time 
for this experiment.   
Figure 3-20 Instrument feedback versus time for the baseline experiment 
after modifications to the dilatometer 
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The raw radial displacement versus temperature for this experiment is shown in 
Figure ‎3-21. As can be seen hysteresis is negligible. The maximum hysteresis was 25 nm in this 
experiment which will render 
an error of ~0.5 MPa in triaxial 
stress calculations for quartz 
tube experiments. 
As explained before, to 
calculate the stress produced by 
the epoxy resin we ran baseline 
experiments and then the 
baseline feedback was subtracted from filled-tube experiment to yield  tube wall deflection from 
the resin. Running baseline experiments would require nearly same amount of time that an actual 
epoxy filled tube experiment 
requires therefore it would 
double the amount of time and 
resources needed for this study. 
We determined that the heating 
portion of the displacement vs. 
temperature could be used as 
the baseline since the uncured 
resin will not exert a stress on 
Figure 3-21 Instrument feedback versus temperature for the 
baseline experiment after modifications to the dilatometer 
Figure 3-22 A degree 3 polynomial fitted on the empty tube experiment to 
model a computer fitted baseline 
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the tube. 
In Figure ‎3-22 a degree 3 polynomial was fitted over raw radial displacement vs 
temperature for the empty tube experiment shown in Figure ‎3-21. The fit uses temperature as the 
variable and successfully overlays the empty tube feedback vs. temperature data. As said earlier, 
an uncured epoxy cannot induce any deflection on the tube, therefore it is possible to take an 
uncured epoxy response as equivalent to an empty tube response. Therefore, we can use the 
initial heating portion feedback data of an epoxy filled tube, fit a polynomial, extrapolate the 
polynomial to other 
temperatures and time, and 
then use it as the baseline for 
that individual experiment. 
Figure ‎3-23 shows 
raw radial displacement vs 
time for the empty tube. 
Radial displacement data for 
heating up portion (point A to 
point B) of this experiment 
used to fit a degree 3 polynomial. The fit was extrapolated over other temperatures and times. As 
can be seen, the fit overlays the empty tube response for all time values. This very same method 
can be applied to any epoxy filled tube experiment and thus the need to run empty tube 
experiments for each epoxy filled tube experiments was eliminated. 
Figure 3-23 A fitted baseline using the initial heating portion feedback of an 
experiment 
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3.4. Stress measurement 
We used pressure vessel formulas to calculate triaxial stress form the induced tube wall 
deflection. There are two different types of this model with respect to wall thickness of the target 
tube; the thick walled tube formula  and the thin-
walled formula. The tubes  we used had wall-






.  Hence, using 
thick walled pressure vessel formula was required. 
The tube has thickness of t, inside radius of ri, 
outside radius ro, and it is under applied external and 
internal pressure of po and pi respectively. The radial 
and hoop stresses inside the tube then can be calculated with equations (3.1) and (3.2)[51]. 
 





















Having the stresses inside‎ the‎ wall,‎ using‎ Young’s‎
modulus(E)‎and‎Poisson’s‎ratio‎(ν),‎radial‎displacement‎anywhere‎
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External pressure (atmospheric pressure), compared to internal pressure (pressure 
resulted from CTE mismatch) can be considered negligible.  Therefore, equation can be 













Since we are going to measure the deflection on the external surface of the tube, the 
radius r in the equation needs to be replaced by ro. When this replacement is done, equation will 











Because all parameters in this equation are known but internal pressure , with some 
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3.5. Sample preparation 
The constraining tubes for the epoxy were obtained‎from‎48”‎long‎tubes‎with‎6‎mm‎outer‎
diameter and 3 mm inner diameter.  Sections about 1 inch long were sliced off using a low speed 
diamond saw with an oil-based lubricant.  These sections were washed in water followed by 
cleaning in a soap solution in an ultrasonic cleaner for 5-10 minutes.  This was followed by an 
additional 5-10 minutes in water in the ultrasonic cleaner and 5-10 minutes in alcohol in the 
ultrasonic cleaner.   
Prior to filling the tube with resin, one ~1 mm thick, 10x10 mm piece of glass was glued 
to one end of the tube with RTM6 using the standard cure schedule of 75 minutes at 160C 
followed by 120 minutes at 180C.  These one-side-capped tubes were prepared in a batch and 
stored in alcohol (Ethyl Alcohol 190 proof) prior to filling with resin. 
The Hexcel website states that shelf life of RTM6 at temperatures below -18 C is 9 
months for cans with 5kg maximum capacity. We stored a can of 0.5-2 kg of RTM6 resin in a 
freezer at -16C. We extracted several 10 ml beaker samples from the can by heating to room 
temperature , covered the top of the beakers, and stored the beakers and the can in the freezer to 
preserve the shelf life of the resin and later prepare individual tube samples from these beakers 
using ~1 ml of resin.   
To prepare a tube sample, resin needs to be heated and injected into a tube. Accurate 
preheating of the resin for injection processes is important because if the temperature is too low 
the resin viscosity is high and it is hard or impossible to inject resin inside a tube (or mold in case 
of industry), and if the temperature is too high resin rate of reaction would be high and sets very 
 
  47 
 
fast and experimental results will be affected because degree of cure has gone very high already. 
Preheating at temperatures about 90-110 °C is desirable for the temperature is high enough for a 
good fluidity and ease of injection, but not too high for appreciable curing to happen. 
A beaker holder made out of steel was designed to make handling of the beakers easier 
and also distribute the heat on the beaker more evenly when heating on the heating plate. A 
thermocouple was attached to the beaker holder to have a rough estimate and control of the 
temperature of the resin inside the beaker. After heating the resin to around 90-110 °C the resin 
is put inside a simple piston vacuum pump with pressure of 10 KPa for  5 minutes to eliminate 
and suck the bubbles (air) out of the resin. After vacuuming we heat the resin again (to 90-110 
°C) because its temperature has dropped to 50-60 °C after 5 minutes and it is not injectable 
(fluidity is low) anymore in this temperature.  
Before injecting, a one-side-caped tube is taken out from alcohol jar and gets cleaned 
again with an alcohol jet stream and dried.  Before injecting, the pipet is warmed up to 120 °C. 
With use of a pipet balloon, the resin is injected carefully and free of bubbles to the tube. Pipet 
and beaker (with the remaining resin inside) are disposed after the injection. 
4.6. Sample Loading 
The one-side-capped resin filled tube needs to be put inside the furnace for applying the 
heating cycle. A thermocouple (K type) was attached using cyanoacrylate glue to one side of the 
tube to measure the specimen temperature.  A small O-ring was put on the top of the tube to 
prevent overflow of the resin during heating (because of expansion of the resin) over the 
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thermocouple and inside the furnace to cause any damage. The tube sample was then carefully 
loaded inside the dilatometer (between the measurement rod and backplate). 
After loading sample inside the dilatometer, the furnace was closed and completely 
wrapped with fiber glass to prevent any temperature gradient or hysteresis. Before running an 
experiment, the chiller was turned on and was allowed to achieve 22 °C and then stabilized for 5 
minutes. The temperature controller device was then set to the desired heating profile and 











  49 
 
Chapter 4 : Results and Discussion 
Part I 
4.1.1. Introduction 
This chapter summarizes the results obtained from the experiments carried out on 
specimens of neat epoxy resins. The first section presents stress and failure stress data versus 
temperature for experiments. The second section of this chapter describes strategies and the 
results of efforts to reduce the resin failure temperature under a triaxial tensile stress. 
As previously described, we confine neat epoxy resin in a cylindrical tube and measure 
tube wall displacements using a dilatometer while the resin goes through a curing cycle. We 
estimate the resin stress from the tube wall displacements.   
For this section, first a typical dilatometer result for an epoxy filled tube will be 
discussed. Afterward, failure stress versus temperature for curing schedules and different tube 
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4.1.2. Stress interpretation 
One of the standard curing cycles for RTM6 is to cure the resin at 160°C for 75 minutes 
as shown in Figure ‎4-1. Specimen 
heated up to 160°C, held for 75 
minutes,  and cooled down to room 
temperature from curing 
temperature at a rate of 5°C/min. 
The quartz tube had 3mm inner and 
6mm outer diameter. 
Figure ‎4-2 presents 
instrument feedback versus 
temperature for epoxy filled quartz tube compared to quartz empty tube (baseline) for this curing 
schedule. As previously explained in section 3.4 it is possible to determine triaxial stress by 
calculating the difference between these two curves and using pressure vessel formula versus 
time and temperature inside the 
quartz tube.  
The calculated triaxial stress 
response versus temperature is shown 
in Figure ‎4-3. As can be seen, heating 
up the resin to 160°C does not 
produce any stress. After curing at 
Figure 4-1 Heating profile for resin specimen cured at 160 C for 75 minutes 
Figure 4-2 Overlay of instrument feedback versus temperature for epoxy 
filled quartz tube and empty quartz tube (baseline) cured at 160 C for 75 
minutes 
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160°C for 75 minutes, a small 
change in stress occurs at 160°C 
which can be attributed to curing 
shrinkage. When the resin is cooled 
to room temperature, it displays a 
linear stress response generated by 
the mismatch in CTE between the 
partially-cured resin and the quartz 
tube.    The sudden change in stress 
at 118°C and a stress of 13 MPa is 









Figure 4-3 Triaxial stress versus temperature for the resin cured at 160 C for 
75 minutes 
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4.1.3. Failure stress for the resin 
Figure ‎4-4 shows the plot of triaxial failure stress vs. temperature for all of the curing 
schedules with conversion degree ~91-96% (as discussed before we relied on the data from 
literature for degree of conversion estimations). The average failure stress for samples confined 
in a quartz tube is 16± 9 MPa over a temperature range of 105-145 C. There was a specimen 
which failed at 60°C with failure stress of 55 MPa. The wide failure temperature range can be 
attributed to the facts that these samples were cooled down from various curing temperatures and 
having different zero stress temperatures (please refer to 4.2.2).  Also we associate the wide 
variety of triaxial failure stress values to the resin age at the time of the experiment, dilatometer 
Figure 4-4 Triaxial failure stress for the resin specimen with degree of cure approximately between 91-96 % 
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intrinsic error, and possible presence of air bubbles in the samples which has been shown to have 
a drastic effect on failure stresses for epoxy resins [17,18,41]. This suggests that this dilatometry 
method to determine failure triaxial stress of the resin is very sensitive to sample preparation 
procedure.  
We‎also‎found‎that‎the‎resin‎usually‎would‎fail‎when‎it‎is‎cooled‎down‎at‎ΔT≈30-50°C 
from curing temperature (more precisely, the zero stress temperature). As schematically shown 
in Figure ‎4-5, since triaxial stress has a 
linear inverse relationship with 
temperature (while the resin is in glassy 
state) this statistical variation in failure 
stress and temperature manifests itself as 
an inverse trend for failure triaxial stress 
versus temperature for quartz tube 
samples. 
As mentioned earlier, we tried 
different tube materials to investigate if triaxial failure stress is dependent on the temperature. 
Figure ‎4-4 also shows resin failure stress vs. temperature for two samples confined in Pyrex 
tubes.  The CTE mismatch 
between the Pyrex and resin is 
lower resulting in lower stress 
at a given temperature (see Table ‎4-1 listing CTE values).  We were not able to get many data 
points because the Pyrex would fracture instead of the resin.  For these samples a mean stress 
Table 4-1 Tube materials and their Coefficient of Thermal Expansion 
Figure 4-5 Schematic of triaxial stress versus temperature for the 
resin cooled down from a curing temperature 
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value of 13.5±2 MPa over temperature range of 53-67 °C were found. Comparing the resin mean 
failure temperatures for quartz and Pyrex, which are 127°C for the former and 60°C and for the 
latter, and the mean triaxial failure stresses which are 16MPa and 13.5MPa respectively, it seems 
over this wide range of temperature triaxial failure stress for RTM6 epoxy resin is not dependent 
on‎the‎temperature‎for‎nearly‎fully‎cured‎samples‎(α≈91-96%).  
In‎ comparison‎ to‎ our‎ results,‎ despite‎ the‎ fact‎ that‎we‎ couldn’t‎ find‎ any‎ other‎ research‎
article merely focused on determination of failure triaxial stress for epoxy resins, we were able to 
extract triaxial stresses at yielding from different criterions investigated by various researchers 
for some glassy polymers and epoxy resins. Triaxial stresses extracted form investigations by 
Fiedler et al [20,40] on LY556/HY932, Toho #113, L135i, and 6376 were as follow 44.8 MPa, 
54 MPa, 63 MPa, and 45 MPa at room temperature. And furthermore, a research on 
DGEBA(hardener: DETA), DGEBA(hardener: APTA), and TGDDM(hardener: DDS) by Asp 
and Berglund [17] concludes triaxial stresses at failure of  38.6 MPa, 48.7 MPa, and 41.2 MPa 
for these epoxy resins. For comparison to our results these values at room temperature are shown 
in Figure ‎4-6. As can be seen from this figure, values obtained from other studies on average are 
greater by factor of 2 or 3 than our results. 
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Although there is more room for research on this area, we decided to focus our attention 
on reducing failure temperature and cracking by adjustment of the curing schedule.  This will be 







Figure 4-6 Failure triaxial stress for epoxy resulted from this study compared to calculated 
failure triaxial stresses from various studies. 
 




The second goal of this study was to reduce or prevent micro cracking in epoxy resin 
used as the matrix in 3D woven carbon fiber composites by modifying the standard cure 
schedules. The standard curing cycles recommended by Hexcel, the RTM6 manufacturer, with 
their resultant degree of cure‎(α)‎and‎glass‎transition‎temperatures‎are shown in Table ‎4-2 [42].  
Table ‎4-2 Cure cycle possibilities for RTM6 [42] 
 
We tried to modify and manipulate cure cycle no.1 and no.1 + Post Cure cycle. In order 
to measure the extend of our success to reduce or eliminate microcrackings by curing schedule 
modifications, a scale was defined. 
4.2.2. Zero Stress Temperature 
An overlay of triaxial stress responses for standard cure cycle No.1 with Pyrex and quartz 
as tube materials is shown in Figure ‎4-7. Although failure in the resin happens approximately at 
the same stress, the failure temperature is quite different. For Pyrex, the failure temperature is 
55°C while the resin confined inside the quartz tube fails at 111°C. This difference in failure 
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temperature arises from differences in CTE of these tubes. CTE of the Pyrex tube is roughly 3.8 
ppm/K while quartz has a CTE of around 0.5 ppm/K. As a consequence of the lower CTE 
mismatch, the stress for the Pyrex is lower at a given temperature.   
Despite the fact that these 
specimens have dissimilar stress-
temperature slopes, they originate 
from a temperature at which the 
triaxial stress is zero. This is the 
temperature where the resin cures 
or goes through a rubbery-to-
glassy transition.  We call this 
temperature the “Zero‎ Stress‎
Temperature”.‎  This behavior is 
illustrated more clearly in the following set of experiments. 
With the quartz material as tubes, the resin was put in different curing schedules. 
Figure ‎4-8 shows the heating profiles for the specimens. Specimens were heated up and cooled 
down with 5°C/min ramp and they were held at different temperatures with various times. 180°C 
for 120 minutes, 160°C for 75 minutes, and 120°C for 360 minutes used as the temperatures and 
holding times for samples respectively. The intent was to achieve the highest degree of 
conversion for each heating profile before cooling down to the room temperature. 
Figure 4-7 Triaxial stress response for strandard cure cycle no.1 for different 
tube materials 
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The triaxial stress versus temperature results for these experiments are presented in 
Figure ‎4-9. In all cases, the resin failed at approximately same stress around 15 MPa but at 
different temperatures. The slopes of 
the triaxial stress versus temperature 
results are same. The zero stress 
temperature for each curing schedule 
is shown by an arrow on the graph. 
Curing at lower temperatures resulted 
in lower zero stress temperatures 
which afterward resulted to a failure at 
lower temperatures. We found that for 
quartz tube experiments usually resin 
fails‎at‎approximately‎a‎ΔT‎of‎30-50°C lower than zero stress temperature(other containers might 
have‎different‎failure‎to‎zero‎stress‎temperature‎ΔT).‎ 
According to the literature, the degree of conversion for curing 75 minutes at 160°C, and 
120 minutes at 180°C  are nearly the same (~91 % for former, and ~96 % for later)[5,29,30,42], 
but as it is shown in Figure ‎4-9 these curing schedules have different zero stress temperature.  
Figure 4-8 Heating profile for quartz tube specimens put in different curing 
paths 
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Therefore it can be said that zero stress temperature is a good indicator for our purpose 
because: 1) it is CTE independent, 2) it 
can be a measure of failure temperature, 
and 3) it is cure path dependent.  
It should be noted that although 
these experiments have different zero 
stress temperatures in comparison, one 
should also consider the resin degree of 
cure at the end of the curing schedules. 
Therefore zero stress temperature along 
with considering the degree of cure will 




4.2.3. Standard cure cycles no1 and no1 + P.C 
 
It is critical to have baselines to compare to modified curing cycles. The epoxy resin was 
put through a modified standard curing cycle No.1 and No.1 with the 180C post cure cycle. 
Heating profiles for these specimens are shown in Figure ‎4-10. The modification from the 
standard cycle was that the samples were heated up and cooled down with rate of 5°C/min 
Figure 4-9 Triaxial stress response for quartz tube specimens put in different 
curing paths 
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instead of 1°C/min. For cure 
schedule No.1, the specimen 
was soaked at 160°C for 75 
minutes. For cure schedule 
no.1 with post cure cycle an 
additional post curing at 
180°C for 120 minutes were 
added. The purpose of this 
post curing is to cure the resin 
as much as possible nearly to 
100%, although achieving 100% degree of conversion is impractical because after vitrification, 
the curing reaction slows down and will require infinite time for a full cure[5,14,30].  
Figure ‎4-11 shows triaxial stress responses versus temperature for these specimens. The 
zero stress temperature for these 
specimens is shown with arrows. 
These values are approximately 
160°C and 180°C respectively for 
curing schedule no.1 and no.1 with 
post cure cycle. Also the resin 
failed at around 13 MPa for former 
and 12 MPa for later. 
Figure 4-10 Heating profile for standard cure cycles no.1 and no.1 with post 
cure cycle 
Figure 4-11 Triaxial stress vs temperature for standard cure cycles no.1 and 
no.1 with post cure cycle 
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3D woven composite manufacturers usually use cure schedule no.1 with post cure cycle 
because it has a higher degree of cure and higher Tg.  However, the high zero stress temperature 
of this cure schedule makes the resin cured by this process more prone to micro cracking for 
structures with high through the thickness constraint[6]. 
The remaining question to be answered is how to reduce the zero stress temperature while 
maintaining a high degree of cure and a high Tg because both are required for the best 
performance.   
 
4.2.4. Proposed method to reduce zero stress temperature 
While the resin is in the rubbery state, it is more pliable compared to the resin in the 
glassy state[5,29,30]. Polymer chains in the rubbery state can uncoil; their bonds can twist- and 
slide past one another up to the point where the chains are fully extended between the network 
crosslink locations. This mechanism allows the resin to deform while applying a stress. 
Conversely, these mechanisms are not available while the resin is in glassy state. The chains 
cannot move, uncoil, and slide past one another and the resin can only respond elastically to an 
applied stress.  
As explained before in section 2.8, as the curing reactions proceed in an elevated 
temperature the resin passes though the vitrification point and the resin transforms from a 
rubbery state to a glassy state. This is the point where the polymer chains lose their ability to 
move and inelastically deform. Therefore the definition of the zero stress temperature and the 
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temperature at which polymer chains freeze and the resin passes the vitrification point are closely 
related.  
Consequently, curing the resin at a high temperature to attain a high degree of cure while 
avoiding the glassy transition and then make the resin glassy at a lower temperature would be a 
possible strategy for lowering the zero stress temperature. Therefore, our proposed strategy to 
lower the zero stress temperature utilizes a three step process.  The first step involves curing the 
resin as much as possible while avoiding the rubbery-to-glassy transition.  This step should be 
performed at as high a temperature as possible to minimize the total time to cure.  We selected 
160C because a) it is the initial recommended cure temperature and b) because higher 
temperatures would not be feasible because the short cure times would not allow enough control 
of the process.  The next step is to cure the epoxy long enough at a lower temperature to 
transition it to the glassy state. This defines the zero stress state. The third step is to finalize and 





4.2.5. Determination of the time needed to get to the glass 
transition region at 160C 
We determined the time it takes to go through the rubbery-to-glassy transition by varying 
the holding time at 160C and observing the stress increase on cooling.  When the resin is glassy, 
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the stress increases immediately on cooling.  While when it is rubbery, stress development is 
minimal until it is cooled below the Tg for the degree of cure that was achieved up to that point 
after which it exhibits a linear increase in triaxial stress with continued cooling. 
The heating profile for 
curing at 160C with different 
holding times is shown in 
Figure ‎4-12. Specimens were 
heated at 5°C/min and then held 
for 30, 40, and 50 minutes and 
cooled down at a rate of 
5°C/min to room temperature. 
 
Figure ‎4-13 shows resin triaxial stress vs temperature response for curing at 160°C for 75 
minutes. First, isothermal curing at 
160°C resulted in approximately 2 
MPa of induced stress which we 
attribute to induced stress due to 
cure shrinkage. After the hold 
period, the triaxial tensile stress in 
the resin increases linearly with 
Figure 4-12  Heating profiles for curing at 160 C for different holding times 
Figure 4-13 Resin triaxial stress versus temperature for curing at 160 °C for 
75 minutes 
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increasing cooling from the curing temperature.  
Figure ‎4-14 shows the resin triaxial stress vs. temperature for 50 minutes of cure time. A 
small amount of tensile stress attributed to cure shrinkage can be seen as the resin cures for 50 
minutes at 160°C. On cooling, no triaxial tensile stress is observed until it cools to approximately 
110°C after which the stress 
increases until failure occurs at 73°C 
at a stress of 11 MPa.  
While the partially cured 
resin is a mixture of an elastomeric 
network and uncured resin and T> 
Tg, the chains between the network 
points can uncoil and the connecting 
chains slide past one another at low 
values of stress. This mechanism is 
not available for T< Tg. We suggest 
that the stress development is coincident with the glass transition temperature which would be 
110°C for this cure schedule. 
We used data from Karkanas[5] summarized in Figure ‎3-2 and Figure ‎3-4 and Table ‎4-2 
[42],  to estimate the degree of 
cure for different cure times at 
160°C.   According to this data, 
Figure 4-14 Resin triaxial stress versus temperature for curing at 160 °C for 
50 minutes 
Table 4-3 Glass transition temperature and estimated degree of conversion 
for curing at 160 °C for different curing times 
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curing for 75 minutes at 160°C yields to Tg around 160°C suggesting that resin is already is in 
glassy state and therefore in Figure ‎4-13 the resin exhibits elastic response immediately by 
cooling down to room temperature from its curing temperature 160°C. Curing for 50 minutes at 
160°C results to Tg around 110-120°C which is consistent with the behavior exhibited in 
Figure ‎4-14. Cooling down further and below 110°C (Tg for this cure schedule) made the resin 
glassy and it exhibits a linear increase in stress on further cooling.  
The same logic can also be used to explain behaviors for shorter curing times. 
Figure ‎4-15 shows an overlay of 
triaxial stress vs temperature 
responses for all different curing 
soak times at 160°C.  For 40 
minutes stress started to build up 
around 80°C which also in 
agreement with degree of cure 
and glassy transition in 
Table ‎4-3. The resin cured for 30 
minutes did not display any 
triaxial stress for whole 
experiment temperature range which is consistent with the data because the estimated glass 
transition temperature of this resin is approximately 30°C.  
Although we could have used 40 minutes and even 50 minutes holding time for initial 
curing time, it was decided to use 30 minutes as initial holding to insure that the rubbery-to-
Figure 4-15 Triaxial stress for curing at 160 °C for 30, 40, 50, and 75 minutes 
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glassy transition occurred at the lower curing temperature.  Future experiments should explore 
longer curing times at 160C to shorten the total curing time. 
In addition to 
determining the time for 
initial curing step, another 
beneficial observation is that 
we have demonstrated that 
the fracture stress is also 
dependent on degree of cure. 
Failure triaxial stress versus 
degree of conversion is 
shown in Figure ‎4-16 for these curing schedules. The ~90% cured resin (75 minutes at 160°C) 
has a fracture stress around 17.5 MPa, but for lesser degree of cures fracture stress also decreases 
as a 70 % cured resin (50 minutes at 160°C) has a facture stress around 11 MPa and curing at 
160°C for 40 minutes yields to a fracture stress of around 2 MPa. For lesser degree of 
conversions‎resin‎didn’t‎fail‎over‎the‎cooling‎temperature‎range. While there is variability in the 
fracture stress for identical curing conditions, the observed trend in fracture stress is greater than 




Figure 4-16 Triaxial failure stress versus degree of conversion for RTM6 
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4.2.6. Determination of cure time to transition to glassy state at 
120C 
The purpose of the first curing temperature was to partially cure the resin without making 
it glassy. The purpose of the 
second curing temperature is to 
make epoxy resin glassy in the 
shortest amount of time at a 
low temperature. After the 
initial 30 minute cure at 160°C, 
we cured the sample at 120°C 
for increasing amounts of time 
and then cooled the sample to 
room temperature as shown in 
Figure ‎4-17. If the stress 
increased during cooling, then the sample was assumed to have undergone the rubbery-to-glassy 
transition.  
A curing temperature of 120°C was chosen because: a) it is a significant lower 
temperature compared to 160°C, b) curing rate is high enough to make the resin glassy in a 
reasonable amount of time. Specimens heated up to 160°C with 5°C/min and held  for 30 
minutes in 160°C, cooled down to 120°C at 5°C/min, held for different amount of times, and 
then cooled down to room temperature at 5°C/min. 
Figure 4-17 Heating profile for initial cure at 160°C for 30 minutes with a 
second cure step at 120°C with different holding times 
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As shown in 
Figure ‎4-17, the resin was held 
at 120°C for 120, 100, 80, 60, 
and 40 minutes. The triaxial 
stress results for these 
specimens are shown in 
Figure ‎4-18. For holding times 
of 120, 100, 80, and 60 minutes, 
the resin shows tensile triaxial 
stress immediately on cooling 
down from 120°C suggesting 
that, for these holding times, the Tg is above the curing temperature. But for 40 minutes holding 
at 120°C, the stress did not increase linearly until the resin cooled to 110°C suggesting it is still 
in rubbery state.  
We chose a holding time of 50 minutes for the second curing time because it was the 




Figure 4-18 Resin triaxial stress for initial cure at 160°C for 30 minutes with a 
second cure step at 120°C for different holding times 
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4.2.7. Final post cure 
As previously discussed in section 2.6, curing at low temperatures results in a low 
ultimate degree of conversion while curing at a higher temperature results in a higher ultimate 
degree of conversion. Finishing the cure and increasing the degree of conversion to nearly 100 % 
is required to develop the full strength of the epoxy resin matrix. Therefore, the last step of the 
curing schedule would be to finalize the cure. 
From last two sections it was found that curing 30 minutes at 160°C followed by 50 
minutes at 120°C makes the 
epoxy resin glassy at 120°C. As 
discussed, third step of this cure 
processes would be curing at 
180°C for 120 minutes. 
However, it was found that 
heating from 120°C to 180°C 
with different heating rates 
significantly affects the zero 
stress temperature. Figure ‎4-19 
shows heating profiles for resin specimens undergone different heating rates to reach final curing 
temperature 180°C. It should be noted that for consistency specimens were also cooled down to 
room temperature with the same heating rate.  
Figure 4-19 Heating profiles for specimens put in 3 step curing process with 
different heating rates from second to third curing temperatures 
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Specimens were heated and cooled down with rates of 5°C/min, 2°C/min, 1°C/min, and 
0.5°C/min. Due to complexity of the behaviors observed for different heating rates, the results 
for the extreme rates, 5°C/min and 0.5°C/min heating rates will be discussed first. Then results 
for heating rates of 2°C/min and 1°C/min will be presented. 
The resin triaxial stress response versus temperature for heating rates of 5°C/min and 
0.5°C/min is shown in Figure ‎4-20. Heating at 0.5°C/min from 120°C to 180°C resulted in a zero 
stress temperature of around 145°C. Strangely with 5°C/min heating rate zero stress temperature 
was not only shifted to lower 
temperatures but it was increased to 
around 186°C.  
By looking closely at the 
graphs, for both specimens curing at 
160°C for 30 minutes and cooling 
down‎ to‎ 120°C‎ didn’t‎ produce‎ any‎
stress suggests the resin is still in 
rubbery state. By curing at 120°C 
for 50 minutes a small stress was 
induced by the resin which can be attributed to the cure shrinkage.  
Both samples exhibited a compressive stress on heating because the tube constrains the 
expansion.  The sample heated at 5°C/min the sample displayed a linear stress response with a 
smaller slope than ultimately observed on cooling from 180C. However, the sample heated at 
Figure 4-20 Resin triaxial stress for complete modified schedule with 
5°C/min and 1°C/min heating rates 
 
  71 
 
0.5°C/min initially exhibited a rubbery-to-glassy behavior in which at the start there is lack of 
stress (rubbery) and then with further heating up a linear response (glassy) can be observed. The 
slope of the curve is steeper once stress begins to develop.  While curing at 180°C for 120 
minutes, the specimen heated up at 5°C/min rate resulted to approximately 13 MPa change in 
stress from compressive to slightly tensile. , No change in stress was observed for at 180°C for 
the 0.5°C/min heating rate.  Cooling down to room temperature yielded linear responses with 
similar slopes for both specimens which afterward  resulted in  resin failure at 147°C at 16.5 
MPa stress for 5°C/min and 119°C at 13 MPa stress for the 0.5°C/min heating rates. It is worthy 
to note that despite the fact that heating and curing portion of triaxial stress response for these 
specimens are very different, they displayed a linear response identical in slope when cooled 
down to room temperature from 180°C.  
As described, it seems for a high heating rate the resin passes the glassy transition in a 
higher temperature resulting to a higher zero stress temperature, while for a lower heating rate 
the resin becomes glassy in a lower temperature yielding a lower zero stress temperature. We 
will propose an explanation that considers rate effects.  
By heating the resin up from 120°C to 180°C with different heating rates, the degree of 
cure will be different for each heating rate because the resin will continue to cure while it is 
heated to 180°C. The degree of conversion will be much greater for the slower heating rate.  The 
Tg increases with increasing degree of conversion.   Figure ‎4-21 shows a schematic of Tg values 
for specimens with different heating rates while heated up for different temperatures from 120°C 
to 180°C. Tg s below the dashed line indicates that the resin is in glassy state while a Tg above 
this line suggests a rubbery behavior. 
 




Figure ‎4-21 a glassy 
behavior should be 
observed for very slow 
heating rate while heating 
up to 180°C.  However 
the initial heating 
behavior is not consistent 
with that proposal 
because Figure ‎4-20 
indicates a rubbery and then a glassy state behavior for the slow heating rate. Furthermore, 
Figure ‎4-21 suggests that the resin should be in rubbery state for 5°C/min at all temperatures 
while the result shown in Figure ‎4-20 exhibit a glassy linear behavior while heating to 180°C. It 
is possible that this could result from different ages of the initial resin (it cures even when it is 
stored at -18C).  It is also possible that is the result of differing strain rates on heating.   
As previously discussed, confining the epoxy resin inside quartz tubes yields to CTE 
mismatches, and therefore by changing the temperature this mismatch will manifests itself as a 
strain imposed on the epoxy resin. Thus, the strain rate is proportional to heating and cooling 
rates. Since Tg and E (modulus) for amorphous materials while they are above their Tg is strain 
rate dependent and it increases with increasing strain rate [31,34–37] it is conceivable that the 
linear increase in stress on heating from 120C is a strain rate effect. This dependency 
Figure 4-21 Glass transition temperature versus curing temperature for different heating 
rates while heating from 120°C to 180°C 
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schematically is shown in Figure ‎4-22a. By applying strain, Tg of a glassy polymer will be 
shifted to higher temperatures for higher strains causing the material to exhibit a higher modulus 
compared to lower strain rates or no applied strains, when they are near their glass transition 
region. Figure ‎4-22b shows an actual experimental result for a glassy polymer at different strain 
rates[31,34–37].  It also should be noted that while these materials have strong strain rate 
dependency while above Tg,‎ such‎ a‎ dependency‎ doesn’t‎ exist‎ while‎ they‎ are‎ in‎ glassy‎
state[31,34–36] and the same slope on the cooling from curing temperature for these curing 
schedules in Figure ‎4-20 can be attributed to this phenomenon. 
 
Figure 4-22 Strain rate dependency of Tg and modulus of amorphous polymers, a) schematic, b) actual result for a glassy polymer 
[34] 
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While this might be true in our case, it is very important to note that at any temperature 
crosslinking continues to occur 
which will increasingly hinder 
mobility of epoxy polymer 
segments between crosslink 
locations. This can be seen for 
heating rate of 0.5°C/min, while 
having approximately same 
degree of cure and Tg compared 
to the specimen with heating rate 
of 5.0°C/min, it shows a rubbery 
behavior initially when heated up. With further crosslinking the density of the polymer network 
increases and polymer chains ability to move diminishes resulting in vitrification and exhibiting 
glassy behavior.  
Figure ‎4-23 shows the heating profile and resolved triaxial stress versus time for heating 
rate of 0.5°C/min. At the end of curing step two, the resin did not produce any significant stress 
indicating that the resin is still rubbery. At a temperature of~140°C, the stress becomes 
compressive stress linearly with increasing temperature. The stress does not change while curing 
at 180°C for 120 minutes implying that the resin is mostly cured even before getting to 180°C 
curing temperature. 
For the specimen heated at 5°C/min, the stress-temperature-time result is shown in 
Figure ‎4-24. As can be seen, again for this specimen at the end of the second curing step the 
Figure 4-23 Triaxial stress and temperature vs time for modified cure schedule 
with 0.5°C/min heating rate 
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resin‎didn’t‎produce‎any‎significant‎stress.‎Elevating‎the‎temperature‎causes‎the‎resin‎to‎display‎a‎
linear increase in stress with 
temperature which we 
attribute to the higher strain 
rate. At this high strain rate, it 
is harder for the polymer 
chains to move and uncoil 
shifting the resin Tg very 
higher than no-strain-Tg value 
making the resin to behave 
like glass. In fact, the stress 
temperature slope indicates 
that it might be in an intermediate transition region where the modulus is somewhere between 
the glassy state and the rubbery state. 
After reaching 180°C, again no-strain-Tg becomes functional, the resin becomes rubbery 
once again and as a consequence all the compressive stress accumulated inside the resin relaxes. 
It also should be noted that some of this change in stress must be attributed to cure shrinkage 
because degree of conversion for heating rate of 5°C/min is much less than 0.5°C/min when the 
resin reaches 180°C. However, this cure shrinkage does not exceed than few percent of total 
change in the stress. 
Figure 4-24 Triaxial stress and temperature vs time for modified cure schedule 
with 5°C/min heating rate 
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An overlay of all different triaxial stress responses versus temperature for all different 
heating rates is shown in 
Figure ‎4-25.  As a general 
trend, the slower heating rates 
result in lower zero stress 
temperatures. For 2°C/min 
slope of the heating portion is 
very similar to that of 5°C/min 
suggesting the resin follows the 
same mechanism but stress 
release is smaller implying that 
the resin spend less time in the 
rubbery state after getting to 180°C compared to 5°C/min and it becomes glassy before all the 
stress relaxes. For 1°C/min, the resin first shows a stress response similar to that of 5°C/min and 
2°C/min, but with further curing it becomes glassy while heated up. The slope change around 
150°C‎shows‎this‎transition.‎Afterward‎for‎1°C/min,‎curing‎at‎180°C‎didn’t‎generate‎any‎stress‎
which also signifies that the resin is already glassy. 
All in all, it seems that or lower heating rates the resin becomes glassy at lower 
temperatures and therefore zero stress temperature get shifted successfully to lower temperatures.  
 
 
Figure 4-25 Resin triaxial stress for complete modified schedule with different 
heating rates 
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4.2.8. Effect of cooling rate 
While shifting the zero stress temperature to lower temperatures is desirable, reduction of 
process time is a very important factor. 
The time for the modified curing 
schedules with 0.5°C/min and 1°C/min 
rates are 676 minutes and 456 minutes. 
Therefore reducing curing times for 
these schedules is critical. 
While curing schedules look 
very sensitive to heating rates heating 
from the second curing step to the third 
curing step it is beneficial to test the 
resin sensitivity to different cooling 
rates. Figure ‎4-26 shows the heating 
profile for modified curing schedule 
with heating rate of 1°C/min while 
cooled down with different rates of 
1°C/min and 5°C/min. Cooling the 
resin to room temperature with 
heating rate of 5°C/min reduces the 
Figure 4-26 Heating profile for modified curing schedule with 1C/min heating 
rate and cooling rate of 1°C/min and 5°C/min 
Figure 4-27 Triaxial stress response for modified curing schedule with 
1°C/min heating rate and cooling rate of 1°C/min and 5°C/min 
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schedule time from 456 minutes to 328 minutes. 
The triaxial stress responses for these specimens is shown in Figure ‎4-27. These 
specimens displayed nearly identical responses, and also zero stress temperature for different 
cooling rates did not change implying that it is possible to cool the resin down to room 
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Chapter 5 : Conclusions and Future Work 
5.1 Conclusions 
The first goal of this study was to determine the temperature dependence of the failure 
stress of RTM6 resin under pure hydrostatic tensile stress.  The second goal was to reduce 
microcracking by modifications to curing schedules. Epoxy resin samples were confined in 
quartz tubes during curing.  The CTE mismatch between the resin and the tube exerted a nearly 
pure hydrostatic triaxial tensile stress on the resin. Tube wall deflections of the samples were 
measured by a dilatometer and the deflections afterward were converted to triaxial stress using 
thick-walled pressure vessel formulae. Failure was defined by a discontinuous change in stress 
during cooling. The temperature dependence of failure triaxial stress was assessed by using tubes 
with‎different‎CTE’s;‎fused‎quartz‎and‎Pyrex. 
Resin cure shrinkage and CTE mismatch between the tubes and the resin were two major 
contributors to triaxial tensile stress in the resin. CTE mismatch was detected by stress build-up 
while heating or cooling while curing shrinkage was detected by change in the stress at a 
constant temperature. The values of these stresses suggested that CTE mismatch between the 
resin and the reinforcements is the main cause of the resin pockets matrix failure. 
During a curing cycle, two basic behaviors were observed. First, when the resin 
temperature was in the rubbery state, above T,  any stresses generated were below the detection 
limit of the instrument. When the resin temperature was below Tg, the change in stress was 
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linearly proportional to change in temperature until cracking was observed by a discontinuous 
change in stress.   For quartz tubes, the triaxial tensile failure stress found to be 16± 9 MPa over 
a temperature range of 105-145 °C. For Pyrex tubes failure stresses of 13.5 ±2 MPa over 
temperature range of 53-67 °C were observed. Based on these observations, we suggest that 
triaxial tensile stress failure stress not dependent on temperature. We also observed that the 
failure stress decreased with degree of conversion.  The large variation in failure stress was 
attributed to variations in sample preparation. 
As the second goal of this effort, modified curing schedules were evaluated to determine 
if it was possible to reduce the stress at a given temperature.  A three-step curing schedule was 
shown to lower the zero stress temperature by 40C compared to a standard curing cycle. This 
will greatly reduce the stresses at a given temperature.  The first step involved curing the resin as 
much as possible while avoiding rubbery-to-glassy transition. The second step was to cure the 
resin long enough at lower temperature to convert it to a glassy material.  This defines the zeros 
stress state. The final was performed at a higher temperature to maximize the degree of 
conversion.  The heating rate to the final cure temperature had a dramatic impact on the zero 
stress temperature.  High heating rates cause the resin to transform back to the rubbery state 
thereby negating the impact of the low temperature cure. 
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5.2 Suggestions for Future work 
Guidelines for improvements and future studies can be presented as follow: 
 Obtain more data with tubes with different CTE to get more accurate data 
regarding the temperature dependence of failure stress 
 Evaluate the effect of different soaking times for the first and the second step of 
the cure to determine the effect on zero stress temperature and to shorten the 
curing cycle. 
 Determine if modifications on cure schedule have an effect on the mechanical 
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APPENDECIES 





if exist('data.mat', 'file') == 2 
  
    load data.mat 
end; 
  
%% Read in the raw data 
if exist('data.mat', 'file') == 0 
  
filename='filename.lvm'; 
exp_time = dlmread(filename,'\t',[1 1 size(dlmread(filename,'\t',1,0),1) 1]); 
Temp_furn = dlmread(filename,'\t',[1 2 size(dlmread(filename,'\t',1,0),1) 
2]); 
LVDT_rad = dlmread(filename,'\t',[1 3 size(dlmread(filename,'\t',1,0),1) 3]); 







LVDT_ax_sens = 40;               % sensitivity (V/mm) 
LVDT_rad_sens = 40;              % sensitivity (V/mm) 
  
ax_off = mean(LVDT_ax(1:10)); 
rad_off = mean(LVDT_rad(1:10)); 
  
exp_time = exp_time./60; 
LVDT_ax = smooth((LVDT_ax-ax_off)./LVDT_ax_sens,50); 
LVDT_rad = smooth((LVDT_rad-rad_off)./LVDT_rad_sens,50); 
  
Temp_furn = smooth(Temp_furn,30); 
  




   
plot(exp_time,LVDT_rad*1000,'LineWidth',3) 
title('Instrument feedback vs 
Time','fontsize',28,'fontWeight','bold','FontName', 'Mathcad Unimath'); 
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ylabel('Instrument feedback 
(um)','fontsize',20,'fontWeight','bold','FontName', 'Mathcad Unimath'); 
xlabel('Time (min)','fontsize',20,'fontWeight','bold','FontName', 'Mathcad 
Unimath'); 
set(gca,'fontsize',16,'fontWeight','bold','FontName', 'Mathcad Unimath'); 










(um)','fontsize',20,'fontWeight','bold','FontName', 'Mathcad Unimath'); 
xlabel('Temperature (C)','fontsize',20,'fontWeight','bold','FontName', 
'Mathcad Unimath'); 
set(gca,'fontsize',16,'fontWeight','bold','FontName', 'Mathcad Unimath'); 









xlabel('Time (min)','fontsize',20,'fontWeight','bold','FontName', 'Mathcad 
Unimath'); 
set(gca,'fontsize',16,'fontWeight','bold','FontName', 'Mathcad Unimath'); 
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Appendix B: MATLAB Triaxial Stress Calculation Code  
%Pressure calculation code 




ID=3; %Inner Diameter of the tube (mm) 
OD=6; %Outer Diameter of the tube (mm) 
Fracture_time=111.4; % Plots will be trimed after the failure 
load data.mat  % load the raw data available in the current folder 
    LVDT_rad_sens = 40;              % sensitivity (V/mm) 
    rad_off = mean(LVDT_rad(1:10)); 
    exp_time = exp_time./60; 
    LVDT_rad = smooth((LVDT_rad-rad_off)./LVDT_rad_sens,50); 
    Temp_furn = smooth(Temp_furn,30); 
     
Base_rad = LVDT_rad/1e3;                % Displacement (m) 
Base_temp = Temp_furn;        
Base_time = exp_time; 
  
  
Epoxy_rad = LVDT_rad/1e3;               % Displacement (m) 
Epoxy_temp = Temp_furn; 
Epoxy_time = exp_time; 
  







for i = 1:num; 
    if Base_temp(i) >= 30 
        Start_B = i; 
        break 




for i = 1:middle; 
    if Base_temp(i) >= 155 
        Mid_S = i; 
        break 




for i = 1:num-1; 
    if Base_time(i) > Fracture_time 
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        Fracture_index = i; 
        break 
    end 
end 
  




















done = length(Epoxy_rad); 
%% Constants 
  
E_q = 71.7e9;                           % Young' Modulus of Quartz (Pa) 
v_q = .17;                              % Poisson's Ratio of Quartz 
a = (ID/2)*1e-3;                               % Inner Radius (m) 
b = (OD/2)*1e-3;                               % Outer Radius (m) 
r = b;                                  % Radius (m) 
Po = 101300;                            % Atmospheric Pressure (Pa) 
P_2=106500000;                             % Inner pressure for ID=2mm 
P_3=40000000;                              % Inner pressure for ID=3mm 
%% Pressure Calculation 
  
  
 u = (Epoxy_rad - Base_rad)/2; 
 u=u(1:Fracture_index+10); 
    P = (u*(b^2-a^2)*E_q-Po*(b^3*v_q-b^3-a^2*b-a^2*b*v_q))/(2*a^2*b); 
  
  
     












figure1=figure('units','normalized','outerposition',[0 0 1 1]); 












(nm)','fontsize',18,'fontWeight','bold','FontName', 'Mathcad Unimath'); 
axis([Min_temp Max_temp Min_rad Max_rad]); 
OuterD=num2str(OD,4); 
InnerD=num2str(ID,4); 
Ds(1)={strcat('OD= ',OuterD,' mm')}; 
Ds(2)={strcat('ID= ',InnerD,' mm')}; 
legend('Baseline','Epoxy filled','Location','Best'); 
set(gca,'fontsize',16,'fontWeight','bold','FontName', 'Mathcad Unimath'); 
print(figure1,'-dpng','-r300','Displ_temp') % save the figure 
  
figure1=figure('units','normalized','outerposition',[0 0 1 1]); 





title('Radial Displacement vs 




(nm)','fontsize',18,'fontWeight','bold','FontName', 'Mathcad Unimath'); 
legend('Baseline','Epoxy filled','Location','Best'); 
axis([0 Max_time Min_rad Max_rad]); 
set(gca,'fontsize',16,'fontWeight','bold','FontName', 'Mathcad Unimath'); 






figure2=figure('units','normalized','outerposition',[0 0 50 


















ylabel('Resin triaxial Stress 
(MPa)','fontsize',14,'fontWeight','bold','FontName', 'Mathcad Unimath') 
set(gca,'fontsize',14,'fontWeight','bold','FontName', 'Mathcad Unimath') 





Crack(1)={strcat('Stress= ','{\color{blue}',Crack_stress_text1,'} MPa')}; 
















ylabel('Resin triaxial Stress 
(MPa)','fontsize',14,'fontWeight','bold','FontName', 'Mathcad Unimath') 
axis([0 Max_time Min_stress-0.5 Max_stress+0.5]); 










ylabel('Resin induced tube wall deflection 
(nm)','fontsize',14,'fontWeight','bold','FontName', 'Mathcad Unimath'); 
axis([Min_temp Max_temp min(u)*1e9-20 max(u)*1e9+20]); 
U_text=strcat('Induced deflection at fracture= ', num2str(-
u(Crack_I)*1e9,4),' nm'); 
 










title('Induced deflection vs 
Time','fontsize',16,'fontWeight','bold','FontName', 'Mathcad Unimath'); 
xlabel('Time (minutes)','fontsize',14,'fontWeight','bold','FontName', 
'Mathcad Unimath'); 
ylabel('Resin induced tube wall deflection 
(nm)','fontsize',14,'fontWeight','bold','FontName', 'Mathcad Unimath'); 
axis([0 Max_time min(u)*1e9-20 max(u)*1e9+20]); 
set(gca,'fontsize',14,'fontWeight','bold','FontName', 'Mathcad Unimath') 
Tri_stress=Tri_stress(1:Fracture_index)/1e6; 
print(figure2,'-dtiff','-r300','Pressure') % save the figure 
  
save('Pressure','Base_time','Base_temp','Tri_stress'); % Save pressure raw 
data 
 
 
